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Feasibility Study of a Rotorcraft Health and Usage

Monitoring _ystem (hq_MS): Usage and Structurnl Life
Monitoring Evaluation

by

B. Dickson, J. Cronkhite, S. Bielefeld, L. Xillian, and R. Hayden

Abstract

The objective of this study was to evaluate two techniques,
Flig_,t Condition Racognltion (FCR) and Flight Load Synthesis
(FLS), for usage monitorin_rand assess the potential benefits of

extending the retirement Intervals of life-limited components,
thun reducing the operator's maintenance and replacement costs.

Both techniques involve indirect detez-mlnation of loads using

measured fllghtparametars and subsequent fatigue analysis to
calculate the life expended on the life-llmlted components. To

assess the potential benefit of usage monitoring, the two usage
techniques were compared to current method: of component retire-
ment. In addition, comparisons were made with direct load mea-

sureme1%ts to assess the accuracy of the two techniques.

The data that was used for the evaluation of the usage monitoring
techniques was collected under an independent HUMS Flight trial

program, using a commerclally available HUMS and data recording
system. The usage data collect from the HUMS trial aircraft was

analyzed off-llne using PC-based software that included the FCR

and FLS techniques. In the future, if the technique prove
feasible, usage monitoring would be incorporated into _he onboard

HUMS. The benefit of usage monitoring was identlfiedunder work

accomplished during the flrst phase of this activity. The
results from the operator's perspective is presented in the
report NASA CR198446 (ARL-CR-289} DOT/FAA/AR-95/50).

For the selected dynamic components analyzed, the results of the
evaluation of the FCR and FLS techniques indicate a potential for

extending retirement laves. This is due to the damage accumula-
tion rate for the FOR and FLS technlques being slower ("slow

clock") than the current method uslng actual flight hours as the

basis for retirement times° OJ course, the benefits of usage
moni%orlng are dependent on how the aircraft is operated. Based

on the mission flown for this aircraft, which ks flying work

crews to offshore ell platforms, the flight hours charged against
retirement times could be reduced by 50% or greater. Thus, the
operator would gain a considerable paybaok in reduced maintenance
costs due to extension of retirement intervals.

The FCR technique, which only modifies the helicopter maneuver
spectrum relative to the manufacturer's baseline, was ¢onsldered
more practical and lower rlsk to i_plement compared to the FLS
technique. However, the FLS technique could be refined to
overcome mhortcomings found.
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FOREWORD

This report presents the results of Phase 2 of Coy.tract NAS3-25455 which includes

the evaluation of usage monitoring techninues for retirement of rotorcraft life-

limited dynamic components. This research was co-sponsored by the U.S. Army

Propulsion Directorate, Aviation Research and Technology Activity and NASA

Lewis Research Center in Cleveland, Ohio, and the Federal Aviation Adn£inistration

(FAX) Technical Center, Atlantic City International Airport, New Jersey. The U.S.

Army Contracting Officer's Technical Representative at NASA Lewis was Dr. Robert

Handschuh and FAA Technical Cognizance was under the direction of Mr. Wayne
Shade at the FAA Technical Center.

This study was conducted by Bell Helicopter Textron Inc.(BHTI) with s-pport from

PHI for the data collection.The BHTI projectengineer was Mro Jim Cronklfite,the

lead Fatigue engineer was Mr, Bill Dickson with Mr. Rex Hayden conducting the

FCR evaluatloa and Mr. Scott Biel_eld conducting the FLS evaluation. The sugport

team at PHI included Messrs. Harold Summers, Donnie Doueet_ Britt Hanks, and

Raylund Romero at Lafayette, Louisiana, aRd the maintenance and pilotstaff'atPHI

Morgan City, Louisiana base where the HUMS, trial aircraft is operated.
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1. INTRODUCTION

This feasibility study has been conducted for and under the cognizance of the Federal

Aviation Agency (FAA), the U. S. Army, and NASA under Contract Number NAS3-

25455. This study evaluated the effectiveness of two usage monitoring techniques for

predicting fatigue damage to life-limited components of the Model 412 helicopter and

compares the results to the manufac_urer's component lives predicted by the _tfe-Iife

methodology while using recorded data from an independent flight trial. Specifically,

this study compares the manufacturer's retirement lives determined for several

Model 412 componeats to lives predicted from the Flight Condition Recognition

(FCR) and Flight Load Synthesis (FI_) methods. Should the livesdetermined from

the FCR an_l FLS methods be greater than the manufacturer°s baseline lives, the

result will be longer time in service for the component and a reduced maintenance

costto the operator. Conversely, shorter liveswould indicate a more severe mission

and benefit the operator by reducing risk and increasing safety,Figure 1.

The helicopter usage data that was used in this study was obtained from an

independent flighttrialprogram of a Health and Usage Monitoring System (HUMS)

installed on a Model 412SP helicopter,S/N 36007, NTI$SR, being operated in the

Gulf of Mexico while performing an o_ahore support mission for the oilindustry. The

puryose ofthe flighttrialprogram which began in November 1993 was to perform a

comprehensive evaluation of the HUMS in an actual operating environment and

generate the flightdataused for evaluation of usage monitoring techniques.

The four major HUM_S monitoring functions are listedin Figure 2. The functional

areas incorporated in the flighttrialHUMS were: Rotor Track and Balance, Engine

monitoring, Drive System monitoring, and Usage monitoring of life limited

components. The '_P' in HUMS represent_.ng usage was not incorporated but was

being evaluated off-lineusing PC-based soft,are and the flightdata from the trial

program. The data required for the usage monitoring evaluation was recorded in

time history format using an opticaldigk recorder,Figure 3. The data was retrieved

weekly from the operator and then routed to the manufacturer for processing.

Because many of the parameters required for usage were already a part of the Flight

Data Recorder (FDR), the addition of sensors specificallyto monitor usage was

mlni_zed.

In _aisreport,the acquisitionand processing of the usage data isdescribed followed

by s discussion of methodology used. The FCR and FLS methods are then discussed

and the two methods are compared to each other along with the manufacturer's

b_eline (safe-life) for the offshore support mission, The economic impact of the

methodologies is presented in terms of possible maintenance cre_ _o the operator

and the resulting impact on co_t of operation. Finally, some cowclusions are drawn

based on this study together with recommendations for future work related to usage

monitoring development.

1
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2. METHODQLOGY

2.1 USAGE METHODOLOGY

Two differentapproaches have been used in thiss_dy todetermine component lives

based on actual usage of the helicopter. One approach uses the Flight Condition

Recognition (FCR) method while the other uses the Flight Load Synthesis (FLS)

method. Both approaches use data from the onboard sensors as the input to predict

component fatigue damage. During the flight _rial the data was continuously

_c_rded in time history format on an opticaldisk recorder for input to the ground-

based PC data analysis system.

The coml)onents selected for the usage study are Listedin Table I together with the

current baseline or certificationlives. Components manufactttred from a variety of

materials were selected for the main rotor,fixed controls,and rotating controls to

show the sensitivity Ji"the FCR and FLS methods to curve shapes used for the S-N

curves. Table 2"is a listof both the helicopter parameters and load parameters

recorded together with the applicable sample rate. Included in the monitored

components added specifically for this study were three strain-gaged boost tubes in

the fixed control system and a strain gaged L.H. forward fin spar member in the

sdrframe. The fatigue damage in these components using the safe-life approach is

compared to the predicted values for the FCR and FLS methods. The fin spar data

was not suitable for inclusion because of a lack of correlationduring the _LS effort.

Four strain-gaged sensors added for the Right trialwere used to measure helicopter

gross weight and C.G. This information was used primarily for the FCR method,

Figu 4.

The FCR method uses recorded data from _he flighttrialand derived algorithms to

predict time in flightconditions performed by the operator during the flight trial.

The FCR then accumulates the time for each condition. Subsequently, the damage

rate associated with each flight condition (acquired from the manufae_L_rer's

certificationdatabase) is applied to the time accumulated in each flightcondition to

determine the accumulated damage, The algorithms used were derived from the

helicopter manufacturer's certification load level data and checked _ _ing a scripted

flight conducted early in the flight trial.

The FLS method uses a multiple linear regression approach to develop equation

coefficients using selected parameters from the manufacturer's certification

database. The "goodness" of the correlation is also predicted by comparing the

measured data to the derived data. These same parameters recorded during the

flighttrialarc used with the derived coefficientsto predict oscillatoryloads in both

fixed and rotating helicopter components. Subsequently, the predicted loads are

evaluated against the manufacturer determined fatigue strength (endurance limit)

todetermine the fatigue damage occurring for each monitored component.

4
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Table 1. Components Selected for Usage Study

Description

IMain .Rotor Yoke

!Main Rotor Spi.r_e

RephasL-_ Lever
i

SweahpIate Inner Ring

Collective Lever

Taft Fin Spar

Main P,o_ Mast

Sp_ Plat, Assembly

Mat, rial

Titanium

Steel

Aluminum

Aluminum

Aluminum

Aluminum

Steel

Steel

IJ,fe Based On

=i t •

Beamwi=e Bending at Yoke Station
4.8

- i J

._:_I Pitch _

_H. Cyclic BoostTube Load

Collective Boost Tube Load

Strai_ L_Spar at Fin Station 69.0
i i iii Lll _Im,

E=_in# Power

Engine Power

BHTI

Recommended Life
_ i , j!

5,000Hours

10,000Hours

5,00_ Hours

10,000 Hours d)

I0,000 Hours
i i|

N/A

I0,000 Hours or

60,000RIN (2)

_'otes

(I) Reduced from "unlimited"forpurposes ofthisstudy.

(2) Determined from summed engine power using rainflow algorithr_ Retirement Index ._'umbcr

(FAN) accumulates inserviceby mantm|ly counting each t_keofforliftevent
(Ref.ASB 412-94-81A).

5
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Table 2. Model 412 HUMS Usage Parameters

Paramete:
III I I I Irl i

1. Calibrated Airspeed - CAS

"2: :Pressure Altitude - Hp
i i1 i

3. Out_ide Air Temperature- °C

4. _etic Heading: MH
i[ ,i , "

5. "Vertical C.G, Acceleration - NZ

s. '_h A_,i;- O.........
7. RonA_i_d_:_

Ln II ]l " II

8. AltitudeRate,-Climb (RC) orDescent (RD)

9. __/_M:N; ........
I0, Engine-Torque- T1 or T2 .....

11.' CollectiveStickPosi'fion-COL

12. Long_tu_nal dYche StickPosition-F/A ....

IS_ LateralCyclic'StockPosition-LAT' -

14. Psdal Position-PED .....

15.' LH CyclicBocciLoad- LCL*

16. RH CyclicBoostLoad- RCL*

17. CollectiveBoost Load- CBL*

18. LH Forward Fin Spar Stress - LHF*

19. LHFo_d dro_Weigi,ts_n_*
20. t_ Forwa_i Gross Weight sensor*

ii iii i

21. LH Aft Gross Weight Sensor*

22. RHAi_ Oro_W;ight Sensor*

* Added forUsage Study

Sample Rate (Hz)

1

i'

1

1

8

2
i ill , ,

i ii £

2
• i m

1
|l i r

ii J

2
i iiLi i

2

2
i ill

2

2

2

• i
1

I
i ,x

1
ii i
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Bo_ cylinder .,,. /_

[_ _ ,_ ./" . A recorder
u I _ /" senmrs13 _.

] OSC-, Max MIn
"_.ding gear Gage I .....Purpose , 2

_/ loads 1-3 i GW/CG from landing

A#I FA _ 0

4-7 Ox,cilletory loads for
co,'relation with •

_ ut_ge monitoring Min

Figure 4. Additional Equipment and Sensors for Usage Data Collection
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During the Right trial, four different methods of determining component fatigue
damage were utilized:

.

2.
3.
4.

Derived spectram (FCR);
Derived loads(FLS);

Directlymeasured loads;
Hours loggedby theopera_or.

Metho& I and 2 are being evaluated and compared tothe referencemethods 3 and 4,

Figure 5. It was necessary to acceleratethe damage ratesto betterfocus on the
variationin component usage during the flighttrial.This was accomplished by

calculatingdamage with an adjustedendurauce limitwhich resultedin a component

life equal to that recommended in the original certificationeffort by the
manufacturer. This same adjusted endurance limit was also used to calculate

coml_nent damage for the FCR and FLS methods. This then Imrmits a direct
comparison ofthe values obtainedfrom each method.

l ._sm_m ! I

t

! f

t t

Figure 5. Usage Methodology Plan

2.2 FATIGUE METHODOLOGY

For both the FCR and FLS, the _tfe-lifefatigue methodology has been used to
determine component livesforthisstudy. The livesoftheselectedcomponents were
determined using the three elements necessary to calculatea fatigue life.These
elementsare:

/l,/' :1" '.lf*



1, The fatigue strength of the component as determined by the

manufacturer. Genel_ally this takes the form of an S-N curve to define the

strength distribution of the part on a load or stress vs cycles basis. A

singular value, known as the endurance limit, is established which is the

load or stress below which a component should not fail.

2_ The component loads or stresses which occur during flight. The

manufacturer conducts a comprehensive flight strain survey in which key

d_mami¢ components are strain gage& The helicopter is flown through a

selected listofflightconditions which constitut_the expected operational

flightspectrum. The loads occurring in the key instrumented components

are recorded and stored for any future analysis connected with the

helicopter certification effort.

3t The operational maneuvers which the helicopter will experience during

the performance of itsmission. This is commonly called the operational

spectrum and per the FAA regulations should be conservative in nacre

i.e.,more severe than any expected operation. Each maneuver isassigned

a percentage of operatLug time and the totalofallmaneuver times should
be 100%.

When all three of the above ingredients are known, a component life can be

determined using Miner's Cumulative Damage Theory. Basically, this theory says

that for any component, the fraction consisting of the cycles "n" allocated to a

particular flightcondi_on in the spectrum (usually a function ofthe rotor I/P,2/P,etc

and percent thne) divided by totalload/stresscyclesto failure%_T"(d_termined from

the S/N curve for each occurring oscillatoryflightload) isthe fatigue damage which

has been incurred. The cumulative sum of these fi_a_'tionsfor _tgiven time is the

damage which has occurred in the particularcomponent in that time. This fractionis

umaally expressed as Z(rlfN)over the number offlightconditions in the spectrum.

An overview of the procedures which have been employed in this study is provided
below. Both the FCR and PLS method are described in more detail later in this

report. Component livesdetermined using the flighttrialrecorded data and the FCR

and FLS methods are alsopresented together with a comparison ofthe livesusing the

manufacturer's baseline certificationl_ads. Distributions of the oscillatoryloads

occurring in the monitored components are also presented.

The FCR method simply replaces the spectrum w_t_h was assumed at the time of

certification with the actual spd_clxum as determJ:_d fo_" the mission being flown by

the particular helicopter. In the case of FCR, the algorithms developed from the

manufacturer's data allow determination of the time actually flown in each

maneuver during the flight trial Tb_ determination of the component damage then

proceeds as described abo-_e with all other aspecm of the process remaining
unchanged, The S/N curve for the component is used as are the certification loads

9
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from the manufacturer's database. This method does not decrease t'. _qervatism

built into the current fatigue "He determination. FCR represents the least departure

from methods currently being used by the manufacturer to determine component

fatigue lives.

The FLS method ismore of"a departure from th_ current fatigue lifedetermination

process. Here, a mathematical relationship is established between values of certain

easily measurable helicopter flightparameters, e.g.,airspeed, altitude,load factor,

stick positions, etc., and the key dynamic components of the helicopter which are not

directly measured as easily. Components in the rotor or rotating system cannot be

practically n_-_asured continuously because the information must be passed flora the

rotating to the fixed reference which requires an unreliable device such as a slip ring.

The ability to predict these loads using parameters which are normally available on

the helicopter in the fixed raferemce means that it would no longer be necessary to

know the operational spectrum of the ai_. The loads derived using FLS are

simply used together with the S/N relationship to directly calculate -_mponent

damage. The FLS method has a potentiallyhigher probability oferror than _e _"_,_-_

method in that the loads are mathematicedly derived instead of using the measured

loads from the manufacturer's data base. However, the manufacturer's database of

helicopter parameters and loads is used to derive the coefficients used in the

correlation technique. This determination of the coe_eficients becomes the most

critical part of the FLS method and must employ a certain degree of conservatism.

FLS has an ac]vautage in being able to identify flight loads for conditions which may
not have been autic_pated_

10
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3. ACQUISITION AND PROCESSING OF FLIGHT TRIAL DATA

The HUMS trial was ofhc_ally launched on November 26, 1993, from the helicopter

operator's base as described/n Reference 1. Table 2 presents the data parameters

relat_ to usage which were recorded continuously on optical disk onbonrd the trial

helicogter between November 1998 and October 1994. Valid data for usage purposes

was available from Febrv_y 1994 through October 1994. De_a used in this study

totaled 583 hours consls_ing of data recorded in 18 _'eez, s of flying from February to

June of 1994. The data was recorded in optical format o_board the helicopter using a

magnetic optical Quick Access Recorder (QAR), _'ne disks were removed from the

helicopter at about one week intervals and replaced with a blank disk. The disk

containing the recorded data and writ_,z_ report_ f_m the operator were forwarded to

the manufat,_l._rer for processing and analysis.

Figure 6 presents a flowchart that details the data processing steps which were

performed by the manufacturer. The firststep in the data processing was a quick

look st the Right trialsdata on the opticaldisk using a PC-based software program

called FLIDRAS. This program allowed scanning and plotting the data in time

history format with engineer/rig units assigned. This program was used as a

screening device early in the program to quickly deternfine a_y problems requiring

immediate attention. As a result,several problems concerning the recorded data

were diagnosed early and solved with littleor no interruption in the program.

The second step in the data processing was to transfer the data on the opticaldisk to

the manufacturer's mainframe VAX computer. The data was then processed and

archived on the manufacturer's flight data filefor subsequent analysis. The

processing included conversion to correct engineering units and breaking the data

into smaller more usable file sizes. The completed data was retained in the

manufacturer's flight data file for input to the various PC-based _nalytical routines.

The manufacturer's flightdata analysis system contained computer tools forplotting

and listingdata and facilitatedreviewing and editing the data. Erroneous data was

detected and eliminated using this software. This erroneous data only occurred when

external source electricalpower was applied to the helicopter and the rotors were not

turning. A wildpoint editroutine was used toeliminate spurious data spikes forsome

parameters.

The end product of the manufacturer's data analysis routine were the input files for

the PC-based FCR and FLS programs. A detailed description of the data editing and

assembly is included in the discussion of the FCR and FLS methods later in this

report.

11
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4. FLIGHT CONDITION RECOGNITION

4.1 FCR TECHNIQUE

Flight Condition Recognition (FCR) determines whic_ '_-_t condition from the

contractor load level survey that the _ircrai_ is perfonm,_ at any given time. The

output frozn the FCR program provides the actual operational spectrum of the

sircra_. This actual operational spectrum replaces the assumed spectrum used in

the manufactuer's safe-lifecalculations for recommended component retirement
lives,

If an operator/lies an aircraftless severely than the assumed spoctrum used for

determining recommended lives,then component lives for that helicopter will be

increased. In other words, the hours accumulaWd for the components will be at a

slower rate than the flighthours are accumulated, i.e.,a "slow clock". This would

resultin increased savings foran operator.

If an operator flies a helicopter more severely than the assumed spectrum, then

component Hves will be decreased. The hours on the components _u]_ accumulate

at a fasterrate than the flighthours, i.e.,a "fastclock". Components would be retired

sooner but would resultin greater ssi'etyforthe operator.

4.2 FCR EVALUATION APPROACH

The FCR approach demonstrated during this study, as depicted in the flowchart oi"

Figure 7, u_ilizedthe following items to determine time in each _T_ht condition,and

subsequently determine dynamic component usage:

I* Continuously recorded Basic Aircraft Parameter (BAP) data as presented

Jn Table 3,itcm_ 1-19.

2_ Deterministic computer program (ground based forthisstudy) that checks

basic aircraftparameter data ag_nst prepmgrammed "normal ranges" to

establish flightconditions. The output of this program is the cumulative

time spent in each flightcondition,divided into four gross weight ranges.

This output can easily be converted into a spe_. Ifa ilightcondition

cannot be identified,that time isadded to the unrecognized category.

3, Spectrum generated from FCR program. This spectrum was the result of

analyzing 583 hours of operational data. Table 4 lists the conditions for

which time was ac_umulat_l in the FCR program.

4_ Manufacturer's fatigue lifeanalysis computer program. The measured

operational spectrum was used as the input into the analysis program to

determine the actual damage rates for the componen_ being evaluated.

The actual llfe expended for each component was determined by

13



FCR Program

Typical Cond_on T'ests: ....

Heading Rate < -2.5 deg/sec -> Left turn
Heading Rate > +2.5 deg/sec -> Right turn
Rate of Climb < -600 Wmin -.> Descent
Rate of Climb > .0-600fl/mtn -> Climb

All p_ normal -> Level flight

8o_m 'Tlme

Time in each condition & I
Gross Weight mng_ I

1
Operator's Flight Condi_on

_ll=O0

Figure 7. Methodology for FLight Condition Recognition (FCR)
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Table 3. Parameters Used", 'Flight Condition Recognition Program

Number Parameter Name Derivedor Air_a_

1

2

3

Pitch

Roll

III III I II

Aircraft Par__ meter

Ah_rai_ Parameter

4

5

6

7

8

9

10

Vertical Velocity
'RPM "
collect/reStick Pos/tion

F/A Stick Posit/on

LateralStickPosition
Pedal Position

Normal Accel_ration

Altitude

11

12

13

14

15
| ir

16

17

18

19

Gw
i| | i

LeftAR GW

mgh_ Forward GW

mzhtAftGW_ 
Airs ed
Left.EngineTo _rque

Right Engine Torque

Heading
OAT

p

Aircr_ Parameter

.aArcr_ ParameLer

P_ameter

AircraftPatterer

_Parameter

Aircrs_ Parameter

AircrmetParameter

__6 Par-meter

Aircr_ Par__meter--

Aircraft Par_met, er -

Aircraft Parameter

Aircraft Parameter

Aircre_ Parameter
2O

i

21

22

23

24

2_

26

27
m_mm_ammw_a_ m

28

29

80

31

S2

88

,S4

Heading Rate of Change Derived

F/A Cyclic Ra_ of Change Derived

LateralC_elic Rate ofCh_ Derived

Pedal PositionRate _fChange Derived
n _, ||_,,, |

In-Air Fl_g Derived
CG .... Derived

Parameter

Pars_meter

l_arameter
m

PRr_meter

Pm'_neter
ii

Parsmeter

Combine_i.Engine _tVoorque'' ,.,

Twin or Single Engine Flag

Airspeed P_.te of Change
m ,

Elapse d Tim. e_ Seconds
Maneuver Number

Current Gross Weight"
r [ [ IL . i ill i i , i

 Mo ng Ayerage vertical Velocity
VH Fraction
Density,Altitude •

[i

Derived Parameter
Derived l_ax'tmeter -

Derived Partmeter

Proivr_m Generated
Derived Partmeter

' ]3'erived Pa._met_r

Derived Par.me.r-

Derived P_'_m,._ ter

, Derived Par___meter ,i

I IIII I II IIIIIII
I I II I II III I

/l'/_ '.]lil411



Number

1

2
i I

3

4
u i

5

6

7 J
8

9
k_=aw_=mi_amm_

10

11

12

13

14

15

Table 4. Maneuvers Recognized by FCR Program

M_neuver N_me
I I '"

Rotor S_ar_
i

On Ground

Nornml Takeoff _

Hover
mul

Hover Right Turn

Hover La_ Turn
i,i i i. i

Hover- Longltudina[ Reversals

Hover - Lateral l_verzsis
i m

Hover - Pedal Reversals

Right S_ewud Flight

Ldt Sidewerd Flight

Climbout (after_k_)

Tw_ Engin_ (TE) Lsnd_ng
L lu in_

Single Engine (SE) Landing
u r

Level Flight, TE - 0.4 VH

_ Number Maneuver Name __

I.m ul

- i i

31 TE- _ Transition Full Power Climb

|il

SE - TE Partial Power Descent

are - Auto Traction in Low Speed

TE - Auto Transition in High Speed

Autorotation

TE Recovery Prom Auto

Au_rota_ n Right Turn

II 40 Vortical _vnt
41 Ver_ic_lDe_._ ut __

High S_d ClimbingRightTurn

H_gh Speed ClimbingLci_Turn

Low Spe_t Descen_."gRightTurn _

Low S_l De_c_ding L_ Turn
p_

High_ S_d D_cen _dingRightTurn, •

High Speed D_nding LeftTurn
i i H |_

Low Slm_iClimbingRight T_ _
...... , H ,

Shutdown

HighSpeedClimb
r

DiveGreaterthan0.8VH Airspeed
q ,m,, _ , -----

L el FSght,'rz-
Level Flight, _J_- 0.8 VH ., _

16

17

  ig  , zo0.gv.

20 Level F11ght,_- > 1.0VH

21 TE Full Power Climb

- 22 SE Full Power Climb ]]_

_ ,-,

27 High Sl_mdmght Turn ll_

43

44

45

46

47

|

49

50

52

_3

16
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multiplying the flight hours by the appropriate damage rate. The
unrecognized category time was multiplied by the damage rate for the
most damaging maneuver in the operational spectrum. If the damage rate
predict_ would result in a component life greater than 25,000 hours being
calculated, then a default rate w}_ich would result in retirement aider
25,000 hours offligh_ time was used.

The FCR program was verifiedby comparing be resultsofa known flightmaneuver

s_que_ce _dth the _noIQ_dcal log fileoutpu_ of the FCR program. The known
flightmaneuver sequence was obtainedfrom a scriptedflightconductedon March 12,

1994,using the trialhelicopter.The requestedflightsequence ispresented in Table
5,and Table 6 presentsa coml_a_son of the requestedflightsequence to the output
frmn the FCR logfileand includesallunrecoguizedtime.

Within the FCR program, certainderivedparam_tem wexe created.Table $ presents
a total listof input Ba_c Aircraft Parameter (9AP), Items 1-19, and derived

parameters,Items 20-34,u_md forflightconditionrecognition.The parameters were
selected so that the FCR program could be adapted to any helic_p_r hy actuating the
values ofthe normal ranges. The internalprocessrateofthe PCR p_)gram was two
samples per secon_ and the program was design_dl to identify the 55 maneuvers

in Table 4_.Figure 8 presentsa blockdiagram ofthe FCR program structure.
The FCR computer program was used toprocesseach week of data collectedfrom the
flight trial. Input data files were created using the manufacturer's flight data
analysissoftware,and consistedofall_drcraftparameters listedin Table 3. Output
filesconsistedof:

IQ

2.

3.

4.

A logfileofallmaneuvers performed,in chronologicalorder

A spectrum timefileoftime in each maneuver and grossweight range

A time l_storydata filewith a userselectedoutput

An operation'sfilethatdocumented takeofftimes,grossweight and C.G.
attakeoff',and average flight_mes.

The normal ranges, and any other algorithms, were developed from actual maneuver
data flown on the same model aircraftduring the loadlevelsurvey conducted by the
manufacturer. Normal ranges were determined forthefollowingparameters:

2.

3.

4.

Magnetic heading rateofchangJ.

Rate ofclimb (descent),alsoknown as verticalvelocity

Pitch attitude

Roll attitude

5. Load factor

17
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Table 5.

Condition

Required Maneuvers for the Scripted Flight

Description
I

1  oto .
2 Stsbilized idle (2 or 3 minutes)

3 - IncreaseRI_ to100% (30s_condstoi minute)

....... Ve_cal takeoff to stabi[i_d hover (Hold l_eading, 5'20 ft
4 skidclearance)

' 5 Hover t_ inprep for takeoff" ..........

6 Takeoffand acc'el to C_imb'airspeed i60-70 kt)

7 Stabilized climb to 800 to 1,000 ft above.,grou_d ]eve! ', .

.8 , Levelflig,.ht,..a.t80kt(2-4minutes)
JII I _ I" i

9 Accel to11.5kt

1'0 Level flightat 115 (24 n_utes) .....

,, , iRight turn at 115 k_ (35. to 45o bank sngle ~ 90o heading_
11 rchange while ,.m,.ainmining altitude)

12 Level flight at !15 kt

13 Left turn at 115 kt (S_tmecharac_risticlas_ght turn)
i ir l i _m : li

14 Level flightat 115 kt
=i .i , J =, i

15 C_Amb an additional 500 to 1,000ft

16 _veiflightatg0kt. - _ -

17 Pushover toVNZ dive(140 kt)for30 secondsduration

18 "' Cycli,,cpulloutaud decre_eairspeed toSO kt)e, Ve!flight _

19 S-turns (right/left/right/level at 80 kt)
IH .i I I _ I ___ I I I

20 ..... Hesding changes/cruise _ required to return to base
21

22

23

24

25

26

27

2b'
29

. , Descent forlen.di,ng
Flare tostablehover

Right sideward flight
!

Stabilized hover

____I_mml

I • Ill i i

i i i i ill l

i

30
i m

Stabilized hover
H

Hover taxi to l_ng spot ,

180°righthovering turn
Land/flight idle

!Shutdown with c0l,le.c_vei'_lote c]ocktime ate_U_O_)

18
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Table 6. Comparison of Scripted Flight and FCR Log Output

Clock [Elap_ ScriptedFlightl_ulrem_nt
Time Time

14:51:08 0:00 !Takeoff"

_4:51:0g O:Ol.ov.rT_i_,p_'orT_,_"
...... i i r I ,

t.4:52:21 1:13 Stabfliz_ Climb to 800 to 1000 it
above ground (approximately 75 see)

14:53:37 2:29 LeveiF!ight,80kt (appx.2min)

14:56:30 5:25 Level Flight, 115 kt (appx. 2'n_i_)

14:58:42 7:34 RightTRrn,115 kt (appx35sec)

14:59:12 8:04 Level Flight, 115 kt (appx 75 sec}

15:00:34 9:26 LeftTurn, 115 kt (appx 22 s_c)

re_t__

t5:00:49 0:41 Level Flight, 115 kt (appx 40 ssc)

15:01:30 10:_2

!15:01:54 10:47

pullupwasperformed
i |' J t

Climb anAdditional500-1000R

FCR Log Output Time -
;InSeconds

rta l

Normal Takeoff 1
l

Hover 55

Hover Tsrns 18

FullPower Climb 63.5

.6VH LevelFlight 12

H_Sveed LeftTu_ 2
Unrecogni_d 0.5

=.

77.5
31

HighS_ Climb S
_I_rn 13
Un_co_l 1.5

!Moderate _i_ht _ 25_5. ,,
r_ig_8_d ltlght Turn

iUnreeognized 0.S

__i._,._ ..... _z__'
1.0V. Level_li_ht .... 1_8.5 :_
High SpeedClimb I

_Higb S_d L_ Turn _S

iUnre_gnlz_ " 0.5 '

1.5

_lighS_d L_ Turn 4
Unrecognized 1

Lo_S_ Cy_;P_p _4 '

15:05:22 14;15

15:05:53 14:46

15:07:39 16:31

' rTEF_II ow_T.¢limb
Hieh S_ed Climb

Unrecogni_d

Pushover to VNE Dive (appx 30 sec) Dive Greater than .8 VH

CyclicPullout

"(right/left/rlghtAev,l), 80 kt
(eppx. 108 sec)

15:20:29 29:21 Landing

High Speed Cyclic Pullout

Right Turn Maneuvers _
LevelFlight
Left Turn Maneuvers

i

3

_15,
0.5

31

32

32.5
25
48

Landing,TE 1

19
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.........IL_T.............................

12) ._ _ |

r

$1UAO

Figure 8. Structure of Flight Condition Recognition (FCR) Program
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8. Control Ix_ition rates

7. Engine torques.

Maneuvers were defin_si when one or more parameters were out of the normal

ranges.

The FCR program read data into a queue where 25 seconds (50 datapoints) were

accumulate& Each cycle ofthe program read in one complete sample of data intothe

queue, and deleted the oldestsample from the queue. All input data was processed

through a wildpoint editmodule to remove spurious internnttent spikes recorded on

the pitch and rolldata. Data obtained from synchro channels were the only channals

affectedby the data spikes. Next, the derived parameter module processed the &._a.

Most derived parameters were rate of change of a parent parameter, and were

de_rmlned by simple time differentiation. The only special case was the heading

parameter, which had a discontinuity at the 0 to 360 degree point. This was handled

with a special set of instructions in the code. Another dezivs_ parameter was the

moving average of vertical velocity. This parameter was _ to smooth out the

coarseness in the verticalvelocity,so algorithm performance would be more stable.

Calculations were next performed by the gross weight module. The gross weight
module determined:

I. Combined gross weight

2. When the aircra_ took off (in-air flag)

3. C.G. at time of takeoff

4. Fuel burn adjuslment

5. VH, VH fraction,and density altitude.

Combined gross weight was a function of the sum ofall four gross weight sensors on

the ground, minus a constant to a_count for the sum of their in-airvalues. The on-

ground sum was taken as an average for the time period of25 seconds to 14 seconds

before takeoff. "fhisaverage sum was considered valid ifthe rotorRPM was greater

than 97%, and the collectivesetting was lessthan 5%. If these conditions were not

met, an algorithm was used to correct the raw gross weight value for the collective

rotting.The sum ofthe in airgross weight values was a constant 1500 ± 100 lb. The

_u-Air" flag was determined by the total sum ofthe gross weight sensors. When the

total sum of the sensors was less than 3700 lb, the helicopter wa_ conside: _d to be in

the sir. Helicopter C.G. was calculated for the same time period as the combined

grow weight, using a simple sum of moments equation. The fuel burn equation was a

function of pressure altitude, outside air temperature, and combined engine torque.

21
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The derived parameter VH fraction calculated the ratio of the current value of
calibrated airspeed to the allowable VH airspeed. The VH airspeed equstign
calculated a maximum airspeed based on density altitude and gross weight.

4.3 FCR RESULTS

The spectnm_ time files created for each week of processed data by the FCR program
were merged together to create a cumulative operational spectrum, which is
presented in Table 7. Table 8 presents a comparison of the time at each condition for
the original certification spectrum and the derived opera_r spectrum. Breakdowns
for grc_ weight, RP_ ground time, and flight time are presenM in Table 9.

The damage rates were determined by using the cumulative spectrum as input into
the manufacturer's analysis program. Fatigue life expended for the components
being evaluated were determined using these damage rates,and a summary is

presented in Table 10. Figures 9 through 13 presentplotsthat compare component
fatigue Hfe used based on logged Right hours to fatigue lifeu_d based on FCR
methodology.

22
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Table 7. Cumu]at/ve Maneuver Spectrum for Model 412 Trial Helicopter

0.0047

0.O003

0.0042

0.0008

0.0001

0.000¢

10

11

12
m

18

16

17.18
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Table 7. Cumulative Maneuver Spectrum for Model 412 Trial Helicopter

O_

Ms,,e,m'er Gro_

I I I __

Low Speed O_c 0.0000

Hi_ Sj;._tCycle

Ful]ul_

_wS1_d _Tutn

v._g mght
Turn

(Continued)

w,_t Ranges 0b)
.m..alffi_..m.m.,._

L_ 8,006 I0,000

than to to

8,000 10,000 |2,f_Y':

Time, in Hours

_r

thai=

t2,500

III

0.0119 0.2628: 0.1138 0.0_)0

Tot_

Hours i Pct_

0.8_I 0.08_

Applmtto
C,ert/.fl_tion

Condition

l_umb, r

31

0.0000 0.0006 0.0r)56 0.0260 0.0000 0.0821 0.01821 32

ii ,s

0.0000 0.0000 1.9126 2.9092 0.0_88 4.915_ 1.09"_2 3_
m, , ,

0.0000 0.I_08 0.0T_2 0.0549 0.00_ 0.12T_ 0.0284 _4

0.0961 0.0011 0.1910 0.0424

37

_7

$7

42

43

24



Table 7. Cumulative Maneuver Spectrum for Model 412 Trial Helicopter

_[Ine_er

'1

TZ -_ Trmudtion 0.0000

T£- SZ Tam,eLm 0,0000

Leve)Flig_

oTZ _ Power 0.0004)
D_s_mt

(Concluded)

Lets

than

$,00e

Gro_ Wdirbt Ran_ fib)

8,000 10,0¢0

to to

10,000 t2_0

Time, in Houri

0.0001 0.0006 0.0006

Gr_lt_r

than

12,600

Ill

0.0000

0.0006 0.0!38 0.0147 0.0004

0.0007 0.0!36 0.0086 0.0000

TE _ Ante Tran_tlon 0.0000 0.0000 0.0007 0.0004 0.0000

in Low Speed

_[_ - Jmto Trtmsi_ion 0_000 0.0000 0.0000 0.0003 ' 0.0000

/nHighSp.ed

Aot_',aflon 0.0000

TE l_v,ry from 04)000

Aute_ttlon i¢_h_ 0_00
Turn

Autorotat_n l..It

Tu=n

Vertica) _ceat 0.0000

Vertl_l De_.om 0.0000
=!

0._
i

8hutdol_ 2.1074
u, i •

H_dCUmb o.oooo

Dive Gruter than 0.00_

0.8 V R _d

0.0171 0.4489

0_70 0.0000

0.0000 0.0283

03499 0.0006

0_)000 0.0¢00

i i,

0.0_ 0.0000

i ii

0.0000

0.0111

0.0112

0.0196

0.13000i

0,1829

0.0000 0.0000 0.0157 0.0164

0.0222 0.i821 02400

0.0125 0.0518 0.1239
n, , =,

oo oe o.e o8

o oo o.oooo ooo ol

0,0894 4.1590 18.7500 :
m, ,,

0A189 8._t_ _.0.6eIB

TOTKL8 134.9036 8.0,381 t 118.5636 317.9224

(1) Time al|ocat_ to condition with Itrgeit damage rate.

_.7128

Totals

Hours Pets

Time

AFpUedto
Certification

Condition

_umber

9.0018 0.f_3 64

I I I III

0.02C'4 0.005_ 4_

0.02_ 0.0051

0.0011 0.0009 47

0.0003 0.0001 48

0.8164 0.1813! 42

0.0000 0.0000 49

00.057_ 0.0198 52

0.0321 0.0071 53

_LI :

0.40_4 0.0_)0 1_

0.19_4 0.04,1_ 18

1.908_ 0.2_9_ (_ote 1)

2.1o74. 0.4879 35

21.35_ 4.7421 29

14,_207 3.3132 42

4_0_442 IO0.O000
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Table 8. Comparison of Assumed Certification Spec/_n_m and Derived
Operator Spectrum

Spectrum Comparison
FlightCondition

Ground Coa_tio_
i i i

A. Rotor Start
,, r

B. Ground Time
(RPM 250 -324)

. i • i .ii i

C. Normal Shutdown
W/Coll

Certification
Jl

0.(_00

0.0000

0.0_0

H. IGE Maneuvers
i ,i • i ..... i ,

A. Hovering
, i i -1

1.30001. Steady @ 314 EPM
m,-

2. Steady@ 324 RPM

s. 90°mghtT =

5. ControlReversalL

I

2.5950

..... 0.0_I00

o.o9oo

a. Longitudinal

b. Lateral

B. Sideward Flight

i. Right

2. Left

c.

J i i,

0.0120

0.0120

0.0120
. • , rJ

0.3250

0.3250

0.1300

1.7510

2.0450
ii

0.0430
i,il i

0.8000

o12ooo

D. Norm T/O and Accelto
Climb A_

E. Non:n Approach and Land

1. Twi_ Engine

2. Si gleSng   
HL Forwerd Level Flight

A' 0.4VII 314_RPM "
iri i i r • . i i

324 RPM

Operator

0.0000

0.0000

o.oooo

il

i

0.5501

2.2003

O.4,33O

0.3809

0.0331

0.0359
i i

0.0968

o:os7g
0.0976

0.0000

0.1323

,i

"'0.5'461
i

0.0084
,i , rl, n

11 ,.

o.oooo

Con& No.
I

rl

1
i n

2

S

L

,l

4

5

6

7

i r

8

9
I= , il

10

11
12

i J

13
i

14

15

16

17

0.0000 18
• ...... i .............
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Table 8. Comparison of Assumed CerKflcation Spectrum and Derived
Operator Spectrum (Con_Luued)

I ......

F_ght _ndition Spectrum Compa_son

I

B. 0.6 VH 314 RPlVI

324 KPM

C. 0.8 VH 314 RI_I

324RPM

O'0.gVHS_ m_ .....
m

324 KPM

---I -i.ovHsGiP_
S_M '

i ii

F. VN_ 314 RPM

A. Full Power Climbs

i. T_ En_e
ii _ll i i R

2. Single Engine
v

B. Cyclic l_llu_

1. 0.6VH
- " _ mn

2. 0.9 VH

C. Norm Accei from Climb'

A/8 to 0.9 VH

- D_T_, ........
i. .......

*. 0.6VH

b. 0.9VH

2. Left

_ s. 01'6VH L

b. 0.gVH
- i H ,,,i,., ,i,i i Hi ,

Certification

2.4000
I

0.6000

12.0000

16.0000

4.0000

so.4ooo
7.sooo
O.8000

,i

0.2000

4.7500

0.1200

0.0600

1.0000

1.0000

1.0000
q r i_ I

ii inmll n

1.0000
i i i

1.0000

Operator
m i i

0.4379
rl i i

1.7514

0.6736"

i ±r __

Con& No.
I I II

19
20

• , i i

21

2'2'

eS
L _ -- _L__

8.9187 24

12.f_11- 25

0.4511

1.8046

6.3150
i i ,

o._is
ii i,--

'_26
i

27
28

29
3O

Jn I n, •

o.o_ Sl

82

83

i ii i I m,

1.2422 34
........... L _

0.2726 35

0.4894 36

0.3962 37
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Table 8. Comparison of Assumed Certification Spectrum and Derived
Operator Spectrum (Concluded)

Flight Condition

cont Rev @0.9VH

1. Longitudinal

2. Lateral

B_

Ve

8. Rudder

betel
l i i

F. fro=0.9V_to
Descent A/S

G.P_Power vcscent-"

1. Twin Engine

.....2. Single Engine

Power_tions
ii ......... =.,

A. Twin toSingleEngine in
FullPower Climb

B. Twin to SingleEngine at
0.9 VH

C. Single to _ Engine in
Power Desert

.o
D. Twin Power to Auto

1. 0.6VH
N i

2. 0.9VH

z.StabAutotoT_ Ens_ne-
Norm Auto A/S

VL Autorotation1_ightatVNE
(AR)

i i H ii

A. Stab Forward Flight

1. At Min RPM

i iii II iAt2. Max RPM

'I. Right

-Ca.p_e_o_=d
I III II I

TOTAL
............. ,,, ,,

Spectrum Comparison
i .i

Certification Operator
II I I P I

0.05OO o.oooo

Cond. No.

38

39

io
" 41 ' '

i iJ

i. i

43

o.05oo
0.0500

r

0.1800

2.8440

o.xsoo

O.OLOO

0.0100

0.0100

I llo.o050 r.

0.0050
i=.

0.0100

0.0000

0.0000
i

o.oooo

4.1_5s
i

0.0323
T

0.0003

0.oo0:3
o.oooz
0.0000

i i

o.o20o-
0.0200

..... i • i j

0.0030

b.oooo

i00.0000
,,,I,., ,,,,,,T T,,, , , ...

0.0000
i

0.0000

0.0128

o.o071
o.2s95

II II II

100.0000

44

45

|

46

i ii

47

48

49 L

,_0 _

_ ._1 r
• Hrl ii

S2
_n.L

53

I
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Table 9. General Information

Category

Flight Time v_.Ground Time

Ranges
Percent

Thne

RPM

Density Altitude

Lem than 8,0O0 Ib

General

 8,ooolbtoio,ooo
f10,000 Ib to 12,_00 !b

Jill I.

Greater than 12,500 Ib
i J

Less than 319 RPM

c_r'_sn s19RPM
m l ._ i

I_ss than 3,000 R

8,booTo6.ooo 
-- 00ft'Greater than 6,0

m ,l _

iMaueuvers

i Hover

Level Flight Greater than 0.9 VH

,, |

J i ii

ii

1.8

26.4

70.8

1
i

8O

20

61

28

il
15

2.8

5.S
76.6

Table 10. Comparison of Fatigue Lives

Part
Name

i iI Irl

CollectiveLever Assembly

Swuhplate Inner Ring Assembly
i,i

Rephaee Lever Assembly
±u _ J

Main Rotor $_ndle

Main Rotor Yoke AsNmbly

Life U_ge in Hours

Logged Hr

45O
H le:

450

45O
n|| |

45O

450

FCR

228
ir i ii

245

116

180
t i i

280

Measured
I I

135
r ii i

181

N/A

N/A

Life Usage
Improvement
U_gFCR,%

97%

84%

286%

150%
IH

29



SllSlt

1li=12

5OO

4OO

0
-I-

- 300

..J

a.
100

o

5oo

=

3oo

200
:.3

O.
IO0

....... " ................................. 1

I

CtockRate - .260 (Slow)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Program Week

Figure 9. Life Usage Comparison - Main Rotor Yoke

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Program Week

Figure t0. Life Usage Comparison - Main Rotor Spindle

3O

/,1'/ :lfl14:,



7 8 9 10 11 12 13 14 15 16 17 18-
Program Week

Figure 11. Life Usage Compar'lson - Rephase Lever Assembly

50O

40g

O

=3OO

2o0

100

0

all4

ot .............. ° ...................

o

=...° .... .°._ ..................... °,o

i

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Program Week

Figure 12. Life Usage Comparison • 8washp]ate Inner Ring

31

/I t' 1_'1'1"



_°!t÷_,+, .,,__cR

+i.............................................................................q

0 __ I'sIZ ° " " _'" _ I_!............... °o° .._ ................. <.. ....

_t5

.300

.,_ 200

0_
100

0 1 2 3 4 5 6 7 8 _) 10 11 12 13 14 15 16 17 18
Program Week

Figure 13. Life Usage Comparison - Collective Lever

82

:i'; ',',l,t',



5. FLIGHT LOADS SYNTHESIS

5.1 FLS TECHNIQUE

Flight Loads Synthesis (FLS) attempts to predict the loads on non-instrumented

fatigue critical components, A rehttionship is sought between the cr/tical component

loads and staudard flight parameters such as airspeed, attitude, stick pos/tion, etc.

Once thisassociationisdeveloped, criticalcomponent lifecan be defined as a function

ofcommon, quasi-staticflightparameters.

The objectiveofFL$ is the same as that for Flight Condition Recognition (FCR):

lw Lower the damage rates of those helicopters flying a more benign

spectrum than that used by the airfrmne manufacturer to determine Safe-

Life.

1 Recognize those cases where actual damage is occur1_ng more quickly

than that predicted by Safe-Life.

3. Guarantee conservatism and safetyin the process.

At the foundation o'_'fatigue lifecalculationsisthe S-N curve, which determines the

number of cycles a component can tolerate fors given stresslevel. Ideally, the true

load-cyclehistory would be recorded foreach fatigue criticalccmponent and applied

directly to the app'ticable$-N curve to calculate damage. However, th_s is not

practical.Mo_t fatlgue criticalcomponents are in the rotating system and the means

to transfer dam to the f_md system are difficu|t and expensive to install and

maintain. However, events in the fixed _ do have a direct impact on loads in

the rotating system. Current studies in FLS are investigating diIFerentmethods of

obta_ng rotating system loads as a function offixed system inputs.

FLS in this study focused on the development of a relationship between the

oscillatory ,_,oadsof fat4p_e criticalcomponents and common quasi-static flight

parameters. It is important to note that the time-hlstory data from the critical
components were reduced to discreteoscillatoryvalues, one data point for each rotor

cycle, This approach differs from most FLS studies because the synthesis method

does not have to relatethe i_ght parameters to o_'dllatoryloads as a function oftlme.

Instead, only the maximum oscillatoryload per rotor revolution iscompared with the

flight parameters. "l_ts removes all of the intricate phase relationships and makes

FLS inherently easier while retaining the essential information required for damage
calculations.

The three prin_ry techniques that have been used in prior and ongoing FLS studies

are holometrics, neural networks, and multiple linear regression (M_LR), as described

in References 2 through 5. The holometric method was dim£issed for this project
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gince its output is a time-history trace, which is not a requirement for the damage

calculation method used in this study. Neural network approaches, while showing

promise, lack the maturity and tools that are currently available for MLR. In this

study, equations were developed through multiple linear regression to calculateloads

on six criticalhelicopterc_mponents.

Multiple linear regression att_npts to represent a desired variablz as a function of

many other variables. The linearregression equations have the form.

y = co + Clfl(xlJ_2,...,xn) + c2f_(xlJ_2,...,Xn) + ... + Cmfm(Xl,xS,...,xn)

The regression equation islinear with respect to the ftmctions of x,but the functions

themselves do not have to be linear, taeally, all the applicable functions and their

characteristicsare known from a theoreticalbasis. For example, lifton a blade is

known to be a function of velocity squared, angle of attack, etc. However, in cases

such as HUMS, the relationship between each input variable and the output isnot

known, and a statisticalmodel must be used. In a statistica_model, many different

regression equations are tried,and the tighmess of the fitbetween the results ofthe

equation and the actual recorded values are compared. The best regression isthat

which gives the strongest fit for a given number of terms in the equation. Care must

be taken not to include variables that cannot logicallyinfluence the output_ For

example, engine temperature should have no bearing on rotor loads and istherefore

not i_cluded.

The basic parameters used in the MLR procedure are given in Table 11.

5.2, FLS EVALUATION APPROACH

Multiple linear regression was performed using SAS o, a popular statisticalanalysis

package that can handle regression procedures ofthe magnitude found in thispruject.

The 14 helicopter parameters shown in Table 11 were used as inputs. In addition to

these base variables, cross-products and squares of the parameters were generated.

This gave SAS over 100 variable combinations from which to choose. During the

generation of each regression, a multitude of different equations were compared for

the tightness of"fitbetween their output and the actual reco_ed value on the Ioe,d-

levelsurvey helicopter.A sample equation is:

pitch link = ¢o ÷ el(pitch attitude) + ca(roll rat_)(I_ds] position) -_ ... + cm(rotor mast torque)_

The R2 value, which represents the fitof the regression, was used to compare the

different equations. The best 30-term equations were selected for each component.

Although these long equations have no physical justification, it was verified that

each term in the regression equations was statistically significant. Over 6,000 points

of data obtained in the load level survey were used in the regression development, so

there was no problem with overfltting.
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Table 11.

Pa.rameter Source
Manufacturer
Cert_fica_on

Data
I

30BBO1

30FA41 '

10FA54

Basic Parameters U_s_d in Multiple Linear
Regression (MLR) Procedure

Description

I|

Yoke _ BeMlng
, , le

Pitch Link

Collective Boo_

Parameter
Source on HUMS

l)emoz_zator

Helicop_r
i I

equat_n

equntion
i |1

equation

Units

I

in-lb

Ib-'

Ib

02SAL3

10FA67

00QP01

O0QROl
rout

00RP01

OORR01
_mm

10DFOI

10DF02

'i0DL01 "

10DV01

20MT51

DFIO02

D .1ooi""
DVI001

01AVS0

Fin Spar Strain, Station 69.0

Le_ Boost Tube

"
Pitch A_iu_de

,i

iRollA_m&

I_tchRate

Roll]{ate

F/A Cy¢_i¢ Stock PoSition
ii, i i

Pod_ Pa_o_

Lateral Cyclic Stock Pc4ition

Collective Portion

@I RotorMast Torque
.... ,, |

F/A Cyclic Stick Rate

Lamml Cyclic StickRam

CollectivePosition Eat_

C.G.VerticalAcceleration

,squation

equation

_luation

el/dr (OOQ_DOI)

•dt (OOQROD

10DP21

IODP22

10DL21

10DV21

(I)

_& (IODF22)

d/dr (IODL21)

d/dr(10DV21)

o vso

u.strain

lb

Ib

deg

deg

d_/sec

;%

b%

i | ,J.l, •

• ,,.

in-lb

%/see

%/ace _-

%/see
i

O

Because the load level survey, like all helicopteroperations,had many more

undamaging than damaging cycles,a weight factorwas added to the analysis.The
goal ofthe weighting functionwas toforcethe regressionto fitwell tothe damaging
loadsabove the endurance limitwhile paying lessattentiontothe low loadsfarbelow
the endurance limit. A sigmoid function accomplished this task by _tressing

damaging toundamaging loadsby a factorof10 to I. This resultedin equationsthat
were more accurateabove the endurance limitand lesssobelow it.Tb"s isa desirable
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attribute as non-damaging loads are irrelevant when calculating component life.

The only condition that should be avoided is overpredicting the non-damaging loads

to such an extent that they become damaging.

To guarantee conservatism, the equation must never underpr_lict loads. The

e_rrelation resultsare shown in Figures 14-18. These plots compare the predicted

folds with the actual loads. Ideally,the correlationwould be perfect,and allthe data

markers would lieon the diagonal line passing through the origin. But some points

are below the line and in their case,the equations are underpre_cfing. The dotted

line represents the 3o offset. This line is 3 standard errors below the center line.

S_ the equation by 3o guarantees that, given a normal distributionof data, the

equation will only underpredict true loads less than 0.5% of the time. The

underprediefion on these few cases is greatly outweighed by the vast majority of the

time that the equation isoverp_dicting. In fact,itcan be seen in the regression plots

that for allthe data above the endurance limit,loads are overpredicted. Thus, the 3o

shift insures conservatlve _ calculations. The vertical distance between the

center lineand the 3o offsetline isthe ext_ value that isadded to the constant term

in the regression equations. Notice the larger P_ values result in smaller 3o shifts.

High R2 _alues yieldbetter fits,more accurate equations, and lessstandard error.

Because in most cases the datacodes from the trial helicopter were recorded in

different units or on a different scale from that used for the original load level survey,

a conversion process was necessary° Before the data could be entered into the

regre_on equations, trar,sform functions were applied. In addition, while all the

control stick and attitude ._ates were recorded on the load level survey, they were not

recoz_el on the trialhehcopter. These were derived by taking the derivatives of

control stick l:Z_l,tionsand attitude as a fut:ct_ on of time. Main rotor mast torque was

appl_xlmated by converting percent engine torques to total torque and subtracting

losses to the tail rotor. The following 10 datacodes were required from the trial

operator forregre_on analysis:

• Pitch attitude

• 11ollattitude

• F/A cyclicstickposition

• Pedal position

• Lateral cyclic stickposition

• Collectivestickposition

• C.O. verticalacceleration

@ Engine @1 torque

• Engine @2 torque

@ Rotor RPM.

The lastthree datacodes were used only to calculate an approximate main rotor mast

torque.
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5_q FLS RESULTS

The damage rates for FLS loads versus the current Safe-Life rotes are shown in

Figur_ 19-23. Swsshplste inner ring and rephase lever assembly life predictions

were longer than _he Safe-Life baseline. The FLS main rotor yoke and collective

lever were ghorter than that of the baseline. The fin spar analysis was removed from

consideration due to inadequate correlation.

To demonstrate the sensiti_ty of small shifts in the loads, damage predicted by FLS

without the 3o conservatism were also plotted. The FLS main rotor yoke and

swashplate inner ring lives joined the rephasing lever in predicting longer lives than

those predicted by the baseline and FCR. This shift had no noticeable effect on
collective lever life.

FLS has the potential to predict longer component lives than that of FCR because

FLS bypasses the _pectrum concept, removing the additional conservatism inher_ut

in the damage defined for each spectrum condition. However, FCR already shows

significant extension of campon_at lives and does not have as much trouble with

voltage offsets as FLS does. Currently, the primary area where FLS excels is in the

prediction of loads from undefined maneuvers. This potential benefit applies more to

military applications, however, and not the benign, relatively predictable spectrum

flown by most commercial users.

As de_crlbed above, not all regression equations were successful in predicting longer

liveS. The FLS damage raw on the collective lever highlights a major problem with

the FLS technique. The equations, by nature, are sensitive to changes in the input

variables. A low of any input nullifiec the entire equation. Even more difficult to

detect is a mean shift in one of the inputs, For example, in the longitudinal cyclic

stick poaltion gage, the post-testingmeasurement for a centered st_ck was -9%. With

this offset, a stick position that should read 25% forward will erroneously read as

30%, when converted to the load level survey scale. This input variable will be

akew¢_. When plugged into the regression equation, it will result in errov_ This error

propagates into any terms containing longitudinal cyclic stick position and is

magnified to a 20% error in the position Jquared term. In regTe_sion equations where
longitudinal cyclic _t,ick position is a major player, the size of the accumult _ing errors

has the potential to drive normal cruising flight loads up above the endurance limit.

With the equations predicting damaging loads for virtually all flight conc]itions, part

lives drop off precipitously. In these cases, FLS will predict lives much shorter than

those found through the current Safe-Life method.

An example of the sensitivity involved in FLS is shown in Figure 24. The
longitudinal cyclic _ick position sensor was erroneously converted to the load level

survey scale without the neeesl_'y negative sign. AI_ regression equations using this

va_able yielded damage rates far greater than the Safe-Life Method, In the example,

one week of flying with the bad equation showed enough damage to suggest replacing
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Figure 19. Life Ussge Comparison - Main Rotor Yoke

Figure 20. Life Usage Comparison. Spindle
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Figure 22. Life Usage Comparison - Swashplate Inner Ring
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the component. By nature, the equations are very sensitive to their inputs. FLS
implementation will have to include periodic validity checks on all the sensors.

The sensitivity problem emphasizes the need for accuraie, clean input data ifFLS is
to be implemented properly. Data spikes, bad gages, and mean data shifts all
adver_ly at_ect the predicted loads. Another level of sensitivity is added to the
problem by tim flatness of the S-N curve in the high cycle region. Since the majority
of flightloads are closeto but under the endurance limit,a slightoffsetin the
equations can turn the vast nmjorityof non-damaging loadsinto damaging loads,

ruining any chance ofextendingcomponent lives.

FLS results would benefit greatly with a better database from which to develop the
regressiouequations. Future load levelsurveys _hould include aimpeed and gross

weight as lhne-verying parameters. The insertionof these variables into new
regressionequations would greatly increase the correlationresults,as well as

px_xluceacceptablecorrelationswith fewer terms. This,in turn,would reduce the
sensitivityofthe equationstomean shiftsinthe data.In addition,cleanerdata from

the HUMS alxcz_ would alsoimprove _..-relation.Any bad data point createsan
outlierthat skews the regression.The data spikes end hanger operations in the
datasetoi'the demonstrator helicopterwere difficultand time consuming to remove,

and thereisa strongpossibilitythatsome bad data escapeddetection.
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6. COMPARISON OF METHODQLOGIES

The opportunity to conduct an operational evaluation of the HUMS systen_ is of

u_nost importance. Another important aspect of the evaluation was the opportunity

to make a direct comparison of the FCR and FLS methodologies to the manufacturer's

baseline loads and component lives. Because component loads were also measured

during the HUMS trial, a direct comparison of these loads to loads predicted using

the measured mission spectrum (FCR) with certification loads, the loads derived by

FLS for the operator mission and the man_Cacturer's baselfue certification

and loads was possible. This comparison of the predicted v_ actual values also

gives an iadication ofhow conservative or uneonservative each method may be.

Figures 25 and 26 are ccanparisons of the oscillatory load distributions for the main

rotor yoke, spindle, and repha_ lever in terms of the appropriate load parameter fox"

the FCR measured mission spectrum and cortit_cation loada, the loads synthesized

using FLS and the certification spectrum and loads. Figures 27 and 28 are the same

data for the _washplate inner ring and collective lever with the addition of the load

d_tribu_io:_ for the directly measured cyclic and collective boost loads.

In general, the distribution for the certification spectrum and loads are conserva_i_e

in the part of the distribution above the stated endurance limit. This support_ the

con_ention that the certification spectrum is conservative and load survey maneuvers

are flown more aggressively. In the case of Figures 27 and 28, the measured data

indicates that the operator pilots are flying less aggr_sively than the pilots flew
during the load level survey.

Figures 29 through 33 are _omposite_ plots of the part life consumptions for the FCR,

FLS, and Baseline. These were presen_d separately in Sections 3 and 4. They are

c_mbined so that the eomplari_n of data for all methods can be made more early.
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7. EC.0N_MIC IMPA(_T 0F U_A_E MQNITQRING

The use of HUMS must produce an economic benefit to the ol_rator to help offset the
cost of implementation and maintenance associated with such a system. In Reference

1, certain cost da_a was presented to emphasize this point. An example was

presented where a 10% cost savings on selected life limited components was assumed

for the helicopter used in this study, and the benefit was shown to pay for a

$100,000.00 HUMS system in a matter of just 1,624 hours ofoperation. Figures were

presented to support this determination. This same cost data is used with usage data

from the HUMS trial results to determine the potential savings for the offshore oil

support mission for these same components, as well as other components in the rotor

and control system of the the helicopter used in this study.

To summarize some of the cost data:

• Total cost per tlight hour is $615.t_9

Parts replacement cost is $254.82

Labor cost is $42.94

Fuel/]ube, power plant cost is $818.13

@ Cost to _sero out" including components/overhauls/inspections is

$1,036,017.00

a Cost of hub parts based on 5,000 hours ofoporation is $221,891.08

@ Cost to replace main rotor yokes/spindles is $148,522.22

Two yoke assemblies are $69,932.10

Four spindle assemblies are $85,590.12

Usage monitoring via HUMS ahouhl have an effect on component replacement cost.

This effectwill be investigated for the study helicopter components using the FCR

method together with the HUMS usage data. Table 12 isa listingof the components

evaluated in this effort together with the projected component flight time when based

on the HUMS usage data. For purposes of this illustration and to make a direct

comparison to the origins] operator data, the main rotoryoke and spindle wil:be used
forcostde_tion.
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Table 12. Su_. _ary of Flight Hours, Baseline vs. HUMS (FCR)

Component

M/R Yoke
i

M/R Spindle

Repham Lever

Baselin_
Retirement
Life ~ttr

5,o'oo
lO,OOO
5,000

S/P Inner Ring 10,000

CollLever
uw ,| ,

M/R Mas_*

M/R Spllne Plate *

i0,000

60,000 RIN

450

450

450

450

450

1113 N

1113 N

FCRHr

117

180

116

245 j
228

823 RIN

823 R/N

%Life
Increase

285

150

288

84

97

35

35

P_..jected
Retirement
Life .-.Hr

_t tt

19,250

25,000

19,400'

19,700

81,000RIN

81,oooRn'_

Retired at 10,000 hours or 60,000 PIN. PIN is "Retirement Index Number" determined for low
cycle fatigue (GAG) via the rain flow algorithm. Uses combined engLne torque.

• Cost determination for the main rotor yoke

Hourly cost- $12.59 (baseLine) vs. $3.27 (HU_JS)
.Cost/5,000 In-- $62,932.10 (baseline) vs. $16,346.00 (HL_IS)

• Projectedsavingsin 5,000hours

$9,12/hr or $46,600.00

• Cost determinationforthe main rotorspindles

Hourly cost- $8.56 (baseline) vs. $3.42 (HUMS)
CostY5,000 hr- $42,795.00 (baseline) vs. $17,100 (HUMS)

• Projectedsavings in 5,000 hours

_.14_r or $25,695.00

In summary, the coston a 5,000 hour basis would be $72,300.00 with HUMS vs.

$105,727.10 currently. This equate_ to a 33% savings in cost to the operator. If
=tmilar savings could be projectedfor all lifelimited components on the study
helicopter,thesavingswould be very significanttothe operator.

Additionally,there are _pinofl"or intangiblecost8saving_ not reflectedin these cost

savings determinations. There is a potential to reduce the labor costs when part_
remain in service longer. The number of'overhauls will be extended and the shipping
and handling costs associated with parts replenis_ment will be reduced, The
operator will also be better able to forecast spare paris requirements and thu_ better
budget forspare parts costs,
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8. CONCLUSIONS

A number of significant conclusions can be drawn from the study conducted. These

are listedbelow:

IB There is a significant cost savings using FCR for the participating

operator and any other operator performing a similar mission type.

21 The FCR technique can be implemented almost immediately with _he

following modifications:

aa Implement the improved GW/CG measurement system (see Section

9,Recommendations).

So Use a pilotkeyboard entry system, and use thi_ :alue in conjunction

with the fuel burn algorithm to predict gross weight ifmodification

(a)isnot implemented.

e The r._easured osciUatory loads recorded during the HUMS trialand the

predicted oscillatoryloads from the HUMS FCR agree very well. This

would indicate that the spectrum predicted from the HUMS FCR is valid
forthe mission that was flown.

4, Tb_ manufacturer's baseline (certification)oscillatoryload distributions

for the cyclicand collectiveboost loads are conservative when compared to

the distributions predicted by HUMS FCR. This validates that the

spectrum u_ to originally certifythe ctudy helicopter isconservative, as

required by Federal Regulation.

The Flight Load Synthesis (FLS) approach requires more refinement

before implementation. Areas requiring impi_vement include:

a. Better methods to predictscatterfactorsforthe correlation.

b. More e_)rrelationdata from higher magnitude flightloads.

c. Periodic check on the validityofkey aircraftparameters.

dl Posmble incorporation of FCR to identify flight regimes before

applyin g FLS.

e. The quality ofFLS was adversely affected due to:

(1) Lack of OW and airspeed data for the certificationdata used to

develop the correlationequation coefficients.
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(2) Electrical drift or loss of calibration reference during t_e

HUMS trial for several of the a/rcraft parameters resulting in

poor correlation.

In summary, the HUMS trial has significantly expanded the scope of usage

monitoring. The knowledge gained provides all parties-..operator, mz_ufacturer,

equipment supplier, and the _rtification authorities-with a better underling of

the advantzges of usage monitoring. It has also revealed some areas where

improvement must be made. The improvements which have been identified are

technologically possible to achieve. They can be infused into the next generat/on

HUMS system easilyand will resultin a much improved usage monitoring system.
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9. RECOMMENDATIONS

As a result of the HUMS trial, several recommendafio_ arc being made _o further

improve the usage aspect ofmonitorlng. These are:

1. Refinement of Gross Weight/C.G. measurement system to account for
wind/RPM/col]ective influences.

a. Use data to refine GW algorithms and evaluate the effect on 8_tem

accuracy.

b. Explore other electro-mechanical approaches to accomplish better
accuracy.

c. For near term implementation of uasge, provide, pilot keyboard entry
of GW.

2. In conjunction with the program outlined in Item I above, install a mast
moment device (no slip ring required) as a means to improve correlation of
main rotor and controls for FLS. This device has been flown st BHTI with

gOOd SUCCe_.

3. Provide coc_kpit disp]ay of usage information including but not limited to:

a. Gross Weight and C.G.

b. Flight time (cumulative)

c. KIN value

4. Install promising devices from 1 through 3 above on the helicopter used in
this study for operational trial.

5. Devise a method to automatically perform a periodic check on the validity
of key airc_m_t parameters such as:

a.

b.

Ct

do

Control positions

Ship attitude (pitch, roll, etc.)

Load factor, Nz

Airspeed
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e

Use an existing load level survey, which has a more robust suite of

parameters, to refine FLS techniques and improve the quality of the
correlation as indicated by R2.

Explore improvements to usage monitoring with a hybrid of FCR and FLS.
FCR would be u_ed to identify flight regime, level flight, turns, climb, etc.
It wauld be pos_ble then to derive more specific equation coefficients with
much better R_ _alues. This should result in better overall correlation for

the FLS technique.

Define the architecture for a production usage system and define how it
should be integrated into the operator maintenance procedures.
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